Lung transplantation is an important, and often the only, therapeutic option for patients with end-stage lung disease. Despite the optimization of surgical techniques, postoperative care, and advances in immunosuppression, long-term allograft outcomes have not significantly improved over the past 10 years.^[@R1]^ Ischemia-reperfusion injury (IRI), a process that occurs at the time of organ implantation, is marked by endothelial and epithelial injury and results in noncardiogenic pulmonary edema and development of a complex inflammatory milieu. Tissue injury triggers the expression of damage-associated molecular patterns that subsequently activate and recruit cells from both the innate and adaptive immune systems. These cells can further promote allograft injury.^[@R2]^ Ultimately, this inflammatory cascade contributes to the development of primary graft dysfunction, a major cause of early mortality after lung transplantation and known risk factor for the development of long-term chronic allograft lung dysfunction.^[@R2]-[@R5]^

Alpha-1 antitrypsin (AAT) is a 52-kDa glycoprotein that is primarily produced in the liver and is the most prevalent serine protease inhibitor present in human plasma. In addition to its predominant role in protease-antiprotease homeostasis, AAT is a potent anti-inflammatory, antiapoptotic, and immune-regulatory protein for both the innate and adaptive immune systems.^[@R6]^ Prior work has demonstrated the role of AAT in several disease models and suggested a potential role in several transplant models.^[@R5],[@R7]-[@R10]^ Götzfried et al^[@R11]^ recently demonstrated in a preclinical model that perfusion and storage of lung allografts with a preservation solution containing AAT significantly reduced the inflammatory response after reperfusion. Gao et al^[@R12]^ used a rat pulmonary artery ischemia-reperfusion model to demonstrate that AAT infusion significantly improved lung oxygenation and mechanics with a corresponding reduction in pulmonary edema. A subsequent follow-up study by Iskender et al^[@R13]^ used a pig transplant model to show that pretransplantation infusion of AAT improved pulmonary compliance and reduced lung permeability during the 4-hour postoperative reperfusion period. AAT also reduced the number of inflammatory mediators detectable in plasma and inhibited neutrophil infiltration into the lung.^[@R12],[@R13]^

Taken together, these studies demonstrate that preservation of donor lung allografts in AAT-containing solution, or treatment of the recipient with AAT infusion before lung transplantation, reduces the inflammation triggered by IRI. However, these observations are limited due to the short postoperative observation periods of the respective studies. Therefore, it is unclear if this effect is sustained. This is of particular importance because severe IRI, present at \>48 hours after transplantation (rather than early posttransplant allograft changes), is associated with chronic lung allograft dysfunction and all-cause mortality.^[@R14]-[@R16]^ This study aimed to test the hypothesis that AAT treatment of both the donor lung and recipient protects the lung allograft from delayed IRI and attenuates allograft necrosis.

MATERIALS AND METHODS
=====================

Rats
----

Pathogen-free male Lewis and Sprague-Dawley (SD) rats were purchased from Charles River Laboratories (Boston, MA). All rats were maintained under pathogen-free conditions throughout the experiments and cared for according to methods approved by the American Association for the Accreditation of Laboratory Animal Care. All live animal experiments and procedures were performed with the approval of the Institutional Animal Care and Use Committee at the Malcom Randall VA Medical Center in Gainesville, FL.

Determination of Human AAT Kinetics
-----------------------------------

SD male rats were injected with a single intraperitoneal dose of human AAT (200 mg/kg) (Prolastin C, Grifols Therapeutic Inc., Research Triangle Park, NC). Blood (0.2 mL) was serially collected from each recipient at 1, 3, 6, 12, 24, 48, and 72 hours post-AAT injection. Samples were centrifuged (800*g* × 15 min) and the plasma stored at −80°C until analysis. AAT levels were determined using a house-made human AAT-specific enzyme-linked immunosorbent assay.^[@R17]^

Orthotopic Left Lung Transplant
-------------------------------

Orthotopic left single lung transplant (LTx) was performed between Lewis (donor) and SD (recipient) rats, as previously described.^[@R18],[@R19]^ Briefly, donor rats underwent surgical tracheostomy and were placed on mechanical ventilation (with a rate of 80 breaths/min, fraction of inspired oxygen 100%, and positive end-expiratory pressure 3 cm H~2~O). General anesthesia was maintained with inhaled isoflurane. The main pulmonary artery was isolated, and the lungs were flushed with 20 mL of cold (4°C) Perfadex (Vitrolife, Uppsala, Sweden) solution or cold Perfadex that contained human AAT (100 µM). After perfusion was complete, the lungs were inflated to peak vital capacity, and the heart-lungs were excised en bloc. Following excision, cuffs were attached to the pulmonary artery, pulmonary vein, and left mainstem bronchus. The lungs were subsequently stored for 4 hours at 4°C in either Perfadex solution or Perfadex that contained human AAT (100 µM). Following cold storage, the left lung was orthotopically transplanted into recipient rats. Recipients in the experimental group were injected intraperitoneal with 200 mg/kg of human AAT at 2 hours before transplantation. Subsequent doses were administered on days 2, 4, and 6 posttransplant (4 doses total). Recipients in the control group received injections of normal saline at the indicated time points. The rats were euthanized on day 8 posttransplantation, and the right native lung and left lung allograft were recovered at this time.

Assessment of Lung Allograft Injury and Necrosis
------------------------------------------------

The left lung allograft was recovered from recipient animals on postoperative day 8. Upon recovery, the allograft was weighed to calculate the wet allograft weight (GW)/body weight (BW) ratio. Both the allograft and native lung were divided into 3 sections (upper, middle, and lower). The upper, middle, and lower sections of the allograft lung, as well as the middle sections of the native lung, were fixed in 10% formalin, embedded in paraffin, cut into 4-μm sections, and stained with hematoxylin and eosin. The hematoxylin and eosin--stained lung sections were examined independently by 2 pathologists who were blinded to the treatment groups. A semiquantitative scoring method was utilized to assess the degree of necrosis. This score uses a 5-point scale based on the percent necrosis present in each section (0 \[0%\], 1 \[1%--25%\], 2 \[26%--50%\], 3 \[51%--75%\], and 4 \[76%--100%\]), as previously described.^[@R12],[@R20],[@R21]^ In addition, the nonnecrotic areas of the lungs were assessed for acute cellular rejection per standardized international grading criteria.^[@R22]^

One-way Mixed Lymphocyte Reaction Assay
---------------------------------------

A one-way mixed lymphocyte reaction (MLR) was performed utilizing recipient T-cells obtained at the time of allograft recovery, as previously described.^[@R23]^ Briefly, donor (Lewis) spleen or lung cells were incubated with mitomycin C, washed, and used as stimulator cells. Splenocytes from the recipient were enriched for T-cells by nylon wool purification and used as responder cells. We cocultured 1 × 10^5^ responder cells with 5 × 10^5^ cells/well of stimulator cells for 5 days in a round-bottom 96-well plate in RPMI-1640 culture medium supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. 3H-thymidine was added for the final 16 hours (1 µCi/well). The cells were harvested onto fiberglass filters, and incorporated 3H-thymidine was measured using a scintillation counter.

Statistical Analysis
--------------------

Experimental results are expressed as mean ± SEM. Statistical differences between groups were determined using an unpaired 2-tailed Student's *t*-test. A *P* value of \<0.05 was considered statistically significant.

RESULTS
=======

Kinetics of Human AAT in Rats
-----------------------------

To determine the time-dependent circulating levels of human AAT and baseline kinetics in the plasma obtained from rats, a single dose of 200 mg/kg was injected into nontransplanted SD rats, after which serial blood samples were obtained. AAT levels peaked at 206 ± 9 mg/dL at 6 hours postinjection. The half-life of human AAT in rat plasma was approximately 24 hours, and levels were lowest by 72 hours postinjection (Figure [1](#F1){ref-type="fig"}).

![Kinetics of human AAT in rats. Nontransplanted Sprague-Dawley rats (n = 5) were injected with a single intraperitoneal dose of 200 mg/kg human AAT (Prolastin C). Blood samples were then serially collected at 1, 3, 6, 12, 24, 48, 72, and 96 h postinjection. Levels of AAT were determined using ELISA; data from individual rats are expressed in gray with the mean values delineated in black. AAT, alpha-1 antitrypsin; ELISA, enzyme-linked immunosorbent assay.](txd-5-e458-g001){#F1}

Effects of Treatment With AAT on the IRI After Transplantation
--------------------------------------------------------------

To investigate the potential therapeutic benefit of AAT on posttransplantation IRI, orthotopic left single LTxs were performed between Lewis (donor) and SD (recipient) rats. In the treatment group, both donor allografts and recipient animals were treated with AAT. Based on the results from the kinetic study performed above, recipient rats were injected 2 hours before transplantation and on days 2, 4, and 6 posttransplantation (4 total doses) (Figure [2](#F2){ref-type="fig"}). We previously demonstrated evidence of acute lung injury and necrosis continuing up through 5 days posttransplantation in this donor-recipient combination.^[@R18],[@R19]^ However, to remove the confounding factor of postsurgical inflammation, as well as to more fully assess the effects of AAT given our limited sample size, the analysis was conducted on day 8 posttransplantation. In the control group, the left lung allograft was notably enlarged with evidence of hemorrhagic and consolidative changes on gross examination in comparison to the right native lung (Figure [3](#F3){ref-type="fig"}A, panel a). In contrast, the left lung allograft and right native lung appeared similar to each other in the AAT treatment group (Figure [3](#F3){ref-type="fig"}A, panel b). The GW-to-BW ratio was significantly lower in the AAT-treated allograft, compared with untreated allograft (3.5 vs 7.7, respectively, *P* \< 0.05; Figure [3](#F3){ref-type="fig"}B).

![Orthotopic left lung transplant was performed using Lewis (donor) and Sprague-Dawley (SD) (recipient) rats. The donor lung was primed with Perfadex (±100 µM AAT) after procurement and preserved at 4°C for 4 h before transplantation. Recipient rats in the treatment group received one dose (200 mg/kg) human AAT 2 h before transplantation and on days 2, 4, and 6 posttransplant. Recipient rats in the control group received saline at these time points. All recipients were euthanized and lung allografts were recovered on day 8 posttransplantation. AAT, alpha-1 antitrypsin; Tx, transplant.](txd-5-e458-g002){#F2}

![Treatment with AAT attenuated lung allograft injury and necrosis. To investigate the potential therapeutic benefit of AAT on posttransplantation IRI, the orthotopic left single lung transplant was performed between Lewis (donor) and SD (recipient) rats. A, Representative gross images of lungs in the control rats (panel a) and treatment group (panel b). B, Treatment with AAT significantly reduced the GW:BW ratio in the treatment group compared with the control group. Data represent the mean plus SEM; \*\**P* \< 0.01, (n = 6 rats in control group and 5 rats in the AAT treatment group). C, Histologic examination (H&E stained, ×200 magnification) showed an extensive necrosis of lung allografts in the control group (panel a) in comparison to lung allografts in the treatment group (panel b) and native lungs (panels c and d) on day 8 posttransplantation. D, Semiquantitative lung necrosis scoring was performed using a 5-point scale according to the percent involvement of necrosis in each section. The mean percent necrosis score was significantly less in the AAT treatment group in comparison to the control group. Data represent the mean plus SEM; n = 6 in control group and n = 5 in the AAT-treated group. AAT, alpha-1 antitrypsin; GW/BW, allograft weight/body weight; H&E, hematoxylin and eosin; IRI, ischemia-reperfusion injury; SD, Sprague-Dawley; SEM, standard error of the mean.](txd-5-e458-g003){#F3}

Histologic examination of control allografts showed diffuse hemorrhagic necrosis involving 75%--90% of the lung allograft area (Figure [3](#F3){ref-type="fig"}C). A semiquantitative scoring method^[@R12],[@R20],[@R21]^ was used to assess the extent of posttransplantation IRI-induced necrosis. The mean percent necrosis score was significantly less in the AAT treatment group in comparison to the control group (1.25 vs 4, *P* \< 0.05; Figure [3](#F3){ref-type="fig"}D). Due to the extensive necrosis in the lung allografts of the control group, grading for acute cellular rejection (based on established International Society for Heart and Lung Transplantation guidelines)^[@R22]^ was not possible. Nonetheless, diffuse interstitial and perivascular infiltrates were observed in areas of less severe necrosis that were suggestive of severe acute cellular rejection. It should be noted that the nonnecrotic lungs in the AAT treatment group also showed interstitial and perivascular lymphocytic infiltrates, consistent with moderate-to-severe acute cellular rejection (Figure [3](#F3){ref-type="fig"}C).

One-way MLR Experiment
----------------------

AAT modulates the proliferation and function of T-cells by modifying monocyte-lymphocyte interaction^[@R24]^ and altering the cytokine milieu.^[@R25],[@R26]^ To investigate the effects of AAT treatment on the ability of recipient lymphocytes to proliferate after exposure to donor antigen(s), a one-way MLR was performed^[@R23]^ using the donor (Lewis) rat spleen or lung cells as stimulator cells. Lymphocytes isolated from recipients (SD) in both the control and AAT-treated groups were used as responder cells (Figure [4](#F4){ref-type="fig"}). Results demonstrated that lymphocyte proliferation of cells from recipients treated with AAT was significantly inhibited in comparison to lymphocytes obtained from control animals. This level of proliferation was not significantly different from that observed with the use of responder lymphocytes from naïve (nontransplanted) SD rats. This result occurred irrespective of the use of either Lewis spleen (Figure [4](#F4){ref-type="fig"}A) or lung cells (Figure [4](#F4){ref-type="fig"}B) as stimulator cells. However, it should be noted that the use of Lewis spleen cells as the stimulator cell (vs Lewis lung cells) led to more proliferation, suggesting this cell type is more potent for inducing T cell responses. Overall, these results suggest that administration of AAT to presensitized recipients attenuates lymphocyte proliferation to a level comparable to that observed when no prior exposure to donor antigen has occurred.

![AAT treatment attenuates the recipients' spleen T-cell proliferation in vitro. A one-way mixed lymphocyte reaction (MLR) was performed with the donor (Lewis) rat spleen (A) or lung (B) cells as stimulator cells. Lymphocytes isolated from recipients (SD) in both the control and AAT-treated groups were used as responder cells. Lymphocyte proliferation of cells from recipients treated with AAT was significantly inhibited in comparison to lymphocytes obtained from control animals. This level of proliferation was not significantly different from that observed with the use of responder lymphocytes from naïve (nontransplanted) SD rats. This result was irrespective of the use of either Lewis spleen (A) or the lung (B) as the stimulator cell. Data represent mean + SEM, n = 3 for each group; \*\**P* \< 0.01 vs control. AAT, alpha-1 antitrypsin; SD, Sprague-Dawley; SEM, standard error of the mean.](txd-5-e458-g004){#F4}

DISCUSSION
==========

AAT, a serine protease inhibitor, plays a major role in protease-antiprotease homeostasis by protecting the lung from damage that can occur due to unopposed activation of neutrophil elastases and other proteinases.^[@R6]^ In addition to its anti-protease activity, AAT also has numerous anti-inflammatory and tissue-protective effects. AAT modulates the activation and maturation of antigen-presenting cells,^[@R26]-[@R28]^ improves mitochondrial membrane stability, and inhibits caspases. In combination, these actions prevent cell apoptosis and enhance cell survival during ischemia.^[@R26],[@R29]-[@R31]^ AAT downregulates proinflammatory cytokines (IL-6, IL-8, IL-1b, and TNF-α) and promotes anti-inflammatory mediators (IL-10, IL-1βRα, and TGF-β).^[@R24],[@R26],[@R28]^ Given these properties, this study set out to determine whether conditioning of the lung allograft, and subsequent treatment of the recipient with AAT, reduced IRI in the specific setting of a fully allogeneically mismatched LTx, and without systemic immunosuppression.

Our results demonstrated that priming the donor lung with AAT, in addition to posttransplantation treatment of the recipient with AAT, reduced histologic evidence of IRI-associated acute lung injury and necrosis. IRI, a process initiated at the time of organ implantation, is marked by an endothelial and epithelial injury resulting in noncardiogenic pulmonary edema. Treatment with AAT reduces lung GW and severity of lung allograft necrosis on histologic evaluation. Prior studies evaluated the effect of pretransplantation infusion of AAT on IRI using a rat pulmonary artery ischemia-reperfusion model^[@R12]^ and pig model of lung transplantation^[@R13]^ within few hours postreperfusion. Our study extends the model of allograft dysfunction to 8 days postreperfusion. This is particularly important because, in clinical practice, severe IRI beyond the first 48 hours after LTx, is strongly correlated with poor outcomes.^[@R14]-[@R16]^ Therefore, the clinical relevance of assessing allograft changes during the early posttransplant period, without further assessment of the allograft at later time points, is unclear.

The donor and recipient rats used within these experiments were allogenic mismatches, and the recipients in our study did not receive systemic immunosuppression. Thus, we also assessed the presence and severity of acute cellular rejection. Recipients in both the control and AAT treatment group demonstrated histologic findings consistent with moderate-to-severe acute cellular rejection (when identified). This suggests that AAT administration did not prevent acute cellular rejection, even though in vitro assays showed reduced recipient T-cell proliferation in treated, versus control, animals. Thus, while our study supports the tissue-protective properties of AAT in the setting of IRI-induced lung allograft necrosis, the tempo and severity of acute cellular rejection appear unchanged. This suggests that just reducing T-cell proliferation, in response to donor antigen, is insufficient for preventing acute allograft rejection; therefore, other immune mechanisms are likely involved.

Result interpretation should consider that recipients received human, not rat, AAT. Human AAT only has a 70% sequence homology with its rat counterpart,^[@R32]^ and prior studies have shown that it is biologically active in rodents and large animals.^[@R12],[@R13],[@R26],[@R27]^ However, it still remains unclear if there is an appreciable change in functionality due to this interspecies difference. Last, the administered dose in these experiments was chosen based on a previous study^[@R13]^ and the kinetic data generated herein. However, it is not known if there is a "target" serum level of AAT that achieves certain immunomodulatory and/or immunosuppressive effects. In other words, questions remain as to whether a higher AAT serum level would have produced a greater effect on our measured outcomes.

This pilot study, although novel, has several notable limitations. Although our data demonstrate the tissue-protective effects of AAT in the setting of IRI, the mechanism by which these effects occur has not been elucidated. Our focus and primary outcome measure were related to "late" IRI-related histological changes; therefore, data from the immediate posttransplant period (0--72 h), which is the main focus of clinical interest, were not obtained. Systemic immunosuppression was also not administered to recipient animals, and it is unclear if combining AAT with these medications would alter its effect(s). Last, as both the donor lungs and recipient were treated with AAT, it is unclear if the observed protective effects were related to donor lung priming, extended treatment of the recipient, or both. Future studies will include allograft assessment at earlier time points to further assess the evolution of acute allograft injury and necrosis; in addition, we plan to obtain blood and bronchoalveolar lavage samples at the time of allograft recovery to further characterize the immune cell and cytokine profiles present in the recipients.

In conclusion, AAT appears to protect against IRI. To our knowledge, the combination of donor lung AAT priming with subsequent posttransplant administration of AAT to the recipient is a novel approach that has not been described in previous preclinical animal models. Although the underlying mechanism(s) by which this occurs is unclear, our data argue for a conceivable therapeutic role for AAT in this setting and the potential to affect allograft outcome.
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